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Edited by Robert B. RussellAbstract The ion-conducting pore of potassium channels, which
can open and close to regulate ion passage, was at long thought
to be a one-dimensional pore structure with a water-ﬁlled central
cavity. Here, we ﬁnd four oriﬁces in the KcsA potassium channel,
which are perpendicular to the pore and stretch out from the cav-
ity. Equilibrium molecular dynamics simulations show that water
molecules can ﬂow between the cavity and oriﬁces. Targeted
molecular dynamics simulations show that during the opening
process, water molecules can move into the cavity through the
oriﬁces to facilitate channel gating, whereas blocking the aque-
duct oriﬁces makes the channel diﬃcult to open.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Potassium channels control the electric potential across cell
membranes by catalyzing the rapid, selective diﬀusion of
potassium ions down their electrochemical gradient through
a central pore [1]. The breakthrough in determination of the
structure of the KcsA K+ channel from Streptomyces lividans
[2,3] raises a high tide in understanding the mechanism of
potassium channels [4,5]. K+ channels have conserved tetra-
meric-core structures [6] and exhibit similar selective-conduct-
ing characteristics [7], but use diverse mechanisms for gating
[8]. The four subunits create an inverted cone, cradling the
selectivity ﬁlter of the central pore in its extracellular end,
holding a large water-ﬁlled cavity at its center and leaving
the remainder of the pore to be the intracellular entryway
packed by the inner M2 helices (Fig. 1A). Using distinct stim-
ulating mechanisms, various K+ channels share one intrinsic
feature in gating: open the entryway formed by the four bun-
dled inner helices to enable ion conduction [9–11]. With accu-
mulating structural information of the channels in open and
closed states, the gating mechanisms and conformational
changes between the two states have been discussed with
increasing depth in view of geometric conﬁgurations
[9,10,12–17]. However, due to the static features of the crystal
structures and limited temporal scale of molecular dynamics
(MD) simulations, structure based energetic gating mech-3 an-
isms of K+ channels are still elusive [18–20].*Corresponding author. Fax: +86 025 84895827.
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doi:10.1016/j.febslet.2008.08.020When the channel opens, water molecules and hydrated K+
ions can enter the large cavity from the intracellular entryway
[10,18–20]. The cavity has a volume to contain 27–29 water
molecules while the channel closed [20,21]. During channel
opening or closing, volume of the cavity has a tendency to
be increased or reduced, and the number of water molecules
in the cavity should change to facilitate the gating process,
but how this is realized is completely elusive.
Here we ﬁnd four aqueduct oriﬁces outstretching from the
central cavity of potassium channels. Each oriﬁce can hold
two water molecules and allow water molecules ﬂow into or
out of the cavity. MD simulations show that water molecules
can exchange between the oriﬁces and the cavity. Carefully de-
signed targeted MD simulations show eﬃciently that the ori-
ﬁces are important to channel opening, and blocking the
oriﬁces makes the channel diﬃcult to open.2. Methods
The total number of atoms in the simulation system is 45,361,
including the KcsA structure containing 6316 atoms (PDB code
1K4C, Ref. [3]), 119 DMPC (dimyris-toyl phosphatidylcholine) lipid
molecules, 8317 water molecules, 20 K+ and 32 Cl ions. The system
is electronically neutral.
The protein (residues 22–124) is acetylated and methylated on the N-
terminus and C-terminus to mimic the preceding peptide bond, respec-
tively. E71 is constructed in a protonated state following previous
works [22–24], while the others are in their default states. The coordi-
nates of hydrogen atoms are constructed using VMD [25] plug-in Psf-
gen. The protein is embedded into the solvated DMPC bilayer. The
membrane normal and the protein pore are oriented along the Z-axis.
Two K+ are placed in the selectivity ﬁlter (at the binding sites 1 and 3,
respectively) and one in the cavity [3].
Energy minimization and molecular dynamics relaxing (longer than
2 ns in total) in NVT or NPT ensembles are repeated with restraints on
the protein. The modeling procedures mainly refer to Ref. [26]. The
equilibrated simulation box is obtained to be 73 A˚ · 73 A˚ · 82 A˚. Tem-
perature coupling method is utilized to keep a constant temperature of
310 K with a coupling factor of 1.0 ps1. A Langevin piston method
[27,28] is utilized to keep a constant pressure of 1 bar in the NPT
ensemble with a decay period of 200 fs and a damping period of 100 fs.
Once the preparing procedures are completed, a 7 ns long equilib-
rium MD simulation is performed in the NPT ensemble, with 38 water
molecules in the central cavity initially.
Four normal and four blocked targeted MD (TMD) simulations up
to 2 ns in each running are performed with identical initial coordinates
and velocities determined through the 7 ns equilibrium simulation.
NVE ensemble is used in these TMD simulations to avoid artiﬁcial
movement of the protein due to temperature or pressure control.
Longer duration TMD simulations up to 60 ns with weaker targeted
force are conducted for the normal and blocked models with the iden-
tical initial conditions. NVT ensemble is used here as temperature drift
in such a long simulation could be to large to be accepted, but the pro-
tein is excluded from the temperature control to avoid artiﬁcial move-
ment. During the simulation, the temperature of the protein is
constrained by the surrounding lipids and water which is under control.blished by Elsevier B.V. All rights reserved.
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Fig. 1. The pore and oriﬁces structure of the KcsA K+ channel. (A)
The central pore. (B) Side view of two ﬂank oriﬁces perpendicular to
the pore. (C) The view of the oriﬁces from the extracellular side. (D)
Three-dimensional view of the pore-oriﬁce structure. (E) The detailed
residues forming the oriﬁce. (F) The radius proﬁle of the ﬂank oriﬁces.
For clarity, only two monomer subunits are shown in (A), (B); part of
the extracellular structure is hided in (C), (D).
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Fig. 2. Water molecules in the KcsA channel. (A), (B) Distribution of
water molecules (orange kink-bar) at two diﬀerent snapshots of the
NPT release. Yellow bar: water molecules in the crystal structure of
KcsA (PDB code 1K4C). (C) The number of water molecules in the
cavity, entryway and oriﬁces.
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diﬀerent from the classical one [29], but similar to that used in ref. [14].
The Kv1.2 structure (PDB code 2A79; Ref. [11]) is used to serve as the
targeted open conformation in all the TMD simulations. Peptide N, C,
and Ca atoms of the two transmembrane helices of KcsA (residues 25–
50 and 86–122) are restrained to the corresponding positions of Kv1.2
structure (residues 324–349 and 385–421) with harmonic potential
(k = 0.01 and 0.003 kcal mol1 A˚2 per atom in the short-duration
and the long-duration TMD simulations, respectively). The back-6
bone of the selectivity ﬁlter is restrained (k = 1 kcal mol1 A˚2) to
avoid protein drift. The relative positions of the two proteins in both
the residue sequence and Cartesian space are aligned by matching
the selector of KcsA (residues 75–79) to the selector of Kv1.2 (residues
374–378).
In the oriﬁce-blocked model, artiﬁcial potential is designed to pre-
vent water exchange between the cavity and oriﬁces. A potential func-
tion of UC = k(r  r0)2/2 is applied to the 28 water molecules initially in
the cavity while r > r0; another potential function of UO = k(r  r0)2/2
is applied to the 8 water molecules initially in the oriﬁces while r < r0.
Here, k = 10 kcal mol1 A˚2, r denotes the radial distance of the water
molecule from the central axis of the channel pore, and r0 denotes to
the oriﬁce neck radius of 6.5 A˚. It should be pointed out that the re-
straint potential is applied in the membrane plane, and the water mol-
ecules are free in the Z-direction along the pore. Thus an energy barrier
is set up at the oriﬁce neck to prevent the water molecules to follow
between the oriﬁces and the cavity.All the MD simulations are performed with program NAMD [30]
using the CHARMM27 force ﬁeld for protein and lipids [31]. The
CHARMM-modiﬁed [31] TIP3P model [32] is used for water. The
van der Waals interactions are smoothly switched oﬀ in range of 8–
10 A˚. The electrostatic interactions are computed without cut-oﬀ using
the particle mesh Ewald (PME) method [33]. The time step is 2 fs with
the SHAKE and SETTLE algorithms [34] to ﬁx bond length involving
hydrogen atoms.
In the HOLE [35] calculation, the protein atoms are assumed to be
the AMBER united atoms, with radii of: S, 2.0 A˚; C, 1.85 A˚; N,
1.75 A˚; O, 1.65 A˚. In the calculation of molecular surfaces, the radius
of the probe sphere is set at 1.4 A˚, the van der Waals radii of protein
atoms are assumed to be the VMD defaults: S, 1.9 A˚; C, 1.5 A˚; N,
1.4 A˚; O, 1.3 A˚; H, 1.0 A˚. All structural diagrams are prepared using
the VMD [25].3. Results and discussion
Previous works show that the central pore of the KcsA K+
channel formed by the tetramer consists of the selector, cavity
and entryway (Fig. 1A). We use a sphere with radius of 1.4 A˚
to probe the structure (PDB code 1K4C) and ﬁnd that there
are four oriﬁces outstretching from the central cavity through
the wall consisting of the four M2 helices (Figs. 1B–D). The
oriﬁces are formed between two neighbored subunits at the
belly of the cavity in the KcsA structure and perpendicular
to the central pore. The inner M2 helices form the narrow neck
while the outer M1 helices form the wide mouth of the oriﬁces,
leading to shape of a swastika or Greek Fleuree Cross (Fig. 1C
and D). There are four residues surrounding the oriﬁce
(Fig. 1E): F103 and T107 from the right M2 and I100 and
G104 from the left M2. The radius proﬁle of the oriﬁces is
drawn in Fig. 1F, which is about 1.5 A˚ at the narrowest neck.
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Fig. 3. The short-duration TMD simulations. (A) The radius diﬀerences of the residues 85–122 between the initial and targeted conﬁgurations. The
three rectangle are used to denote three residue groups, I (107–110), II (111–114) and III (115–122). (B) The average enlarging radius of the residue
groups (from bottom up) from the short-duration TMD simulations. The red/green curves are from the normal/blocked model, respectively. (C), (D)
The corresponding variation in the number of water molecules during the normal and blocked simulations, respectively.
3322 W. Zhong et al. / FEBS Letters 582 (2008) 3320–3324Two water molecules identiﬁed experimentally [3] and pre-
sented in the crystal structure (PDB code 1K4C) are found to
be located ﬁtly in the oriﬁces (Fig. 2A and B). The MD sim-
ulations prove that the oriﬁces are indeed water conducting
ones, or aqueduct oriﬁces. In the case of Fig. 2C, the cavity
contains 38 water molecules [4] and the oriﬁces are empty ini-
tially. At the beginning of the 7 ns simulation, some of the
water molecules ﬂow quickly from the cavity to the four ori-
ﬁces and about 10 water molecules enter the oriﬁces within
0.2 ns, with two of them escaping from the protein via the
protein–lipid interface. Then in the rest 6.8 ns, the numbers
of water molecules in the cavity and the four oriﬁces are
around 28 and 8, respectively. Averagely, two water mole-
cules are in each oriﬁce, in good coincidence with the crystal
structural characterization, but they are dynamically moving
between the cavity and oriﬁces as shown by Fig. 2C.
Twenty-eight water molecules reserved in the cavity is coinci-
dent with the reported number of 27 or 29, by previous stud-
ies [20,21]. In addition, it should be noted that 1–3 water
molecules in the cavity could enter the narrow neck of the
entryway (forming by residues 107–111) randomly, as shown
in Fig. 2C.
To explore the function of the oriﬁces in channel gating, tar-
geted MD simulations are performed for the normal and ori-
ﬁces-blocked models. In the previously released models, 28
water molecules located in the cavity and eight in the oriﬁces
with two in each, but exchange of the water molecules between
the oriﬁces and the cavity is completely blocked by the energybarrier created by the harmonic potential in the blocked mod-
el. A set of constant-strength harmonic restraints is applied on
the transmembrane helices pointing to the corresponding posi-
tions of the targeted Kv1.2 open conformation. The expected
radius diﬀerence between the closed KcsA conﬁguration and
the targeted one for all the concerned residues surrounding
the entryway are shown in Fig. 3A. The average radius incre-
ments of three residue groups (I: 107–111; II: 112–115; III:116–
122) of the normal and blocked models from the initial conﬁg-
uration obtained by the four short-duration TMD simulations
for each group are compared in Fig. 3B. The radius increments
of the three residue groups of the normal and blocked models
by the long-duration TMD simulations are drawn in Fig. 4A
and D, respectively.
Obviously, the opening process develops slowly in all the
three residue groups when the oriﬁces are blocked (Fig. 3B,
Fig. 4A and D). Especially in the two long-duration simula-
tions up to 60 ns with weaker gating restraints, the channel
is ﬁnally open with normal oriﬁces (Fig. 4B), while the channel
remains closed in its original position with blocked oriﬁces
(Fig. 4E).
The aqueduct oriﬁces can facilitate the opening process by
allowing water molecules to ﬂow into the cavity. Without of
the aqueduct oriﬁces, the cavity is diﬃcult to be opened. This
mechanism can be shown clearly by Fig. 3C and D, Fig. 4C
and F, in which the redistribution of water molecules is ana-
lyzed for the normal and blocked systems. In the short-dura-
tion simulations of the normal model, the water molecules in
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Fig. 4. The long-duration TMD simulations. (A), (D) The enlarging radius of residue groups. (B), (E) The structure of the pore and two oriﬁces at
the end of the simulations. (C), (F) The corresponding variation in the number of water molecules during the simulations. (A)–(C) come from the
normal simulation and (D)–(F) come from the blocked simulation.
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0.5 ns TMD simulation, leading to about 32 water molecules
in the cavity and only four leaving in the oriﬁces. Several
water molecules enter and exit the narrow neck of the entry-
way occasionally like the case observed in the equilibrium
simulation. But these water molecules could escape from
the entryway neck into the intracellular solution during
entryway opening. However, water molecules in the cavity
could still enter the entryway neck, beneﬁted from additional
water molecules can be supplied into the cavity through the
oriﬁces. At about t = 0.6 ns in Fig. 3C, a large number of
water molecules enter the neck from intracellular solution,
resulted complete opening of the channel. In the long-dura-
tion simulation, similar movement trend of water molecules
can be found but with larger ﬂuctuations, as shown in
Fig. 4C.
In contrast, the number of water molecules in the cavity of
the blocked model is much stable as no water molecules could
supplied from the oriﬁces. Thus, the probability for the water
molecules in the cavity to enter the entryway neck is remark-
ably reduced, as shown by Fig. 3D and Fig. 4F. This distin-
guished diﬀerence in the oriﬁce-blocked model show that the
supply of water molecules from the oriﬁces are very important
to facilitating the opening.4. Conclusion
We ﬁnd by probing the crystal structure of potassium chan-
nel (PDB code 1K4C) that there are four oriﬁces outstretching
from the water-ﬁlled cavity of the central pore between two
neighbored monomer subunits. Equilibrium MD simulations
show that the oriﬁces are indeed water conducting ones, or
aqueduct oriﬁces. Extensive TMD simulations show that the
oriﬁces play an important role in channel gating process. Dur-
ing opening process, water molecules ﬂow into the central cav-
ity through the oriﬁces to facilitate the opening process.
Blocking the oriﬁces makes the channel diﬃcult to open. Our
results reveal the important dynamical role of water molecules
in the cavity-oriﬁce complex during the gating process of KcsA
K+ channel.
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